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Early Stages of Heavy Ion collisions

Kharzeev, Krasnitz, Venugopalan hep-ph/0109253,                      
Buividovich 0907.0494,                                                                     
Mace, Schlichting, Venugopalan 1601.07342

Many references & recent review :         
Kharzeev, Liao, Voloshin, Wang 1511.04050 
Skokov et al. 1608.00982

Early stages of heavy ion collisions can produce 
gauge field configurations with non-trivial topologies

The standard model of HICs : recent 
developments 
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Classical Yang-Mills approach on 2+1D lattice
Schenke, Tribedy, Venugopalan 1202.6646

E-by-E solve CYM for two colliding nuclei : [Dµ, Fµ⌫ ] = J⌫

TPSC%seminar,%IIT%Roorkee%%29/11/12% 39%

Color%Glass%Condensate%

where

J+ = �(x�)⇢
1

(x?)

J� = �(x+)⇢
2

(x?)

J i = 0 (11)

and we have restricted ourselves to work in a gauge where the link operators along

the particle trajectories drop out.

Before the collision takes place, we find a solution of the equations of motion

to be

A+ = 0

A� = 0

Ai = �(x�)�(�x+)↵i
1

(x?) + �(x+)�(�x�)↵i
2

(x?) (12)

This is a solution of the Yang-Mills equations in all of space-time except on or

within the forward light cone, as shown in Fig. 3. In the forward light cone, we

1 2

3
x+x-

x0

x3

Fig. 3: Regions with di�erent

structures of the gauge poten-

tial:

In regions 1 and 2 we have the

well known one nucleus solu-

tions ↵1,2. While in the back-

ward light cone there the gauge

potential is vanishing we have

a nontrivial solution in the for-

ward lightcone, region 3

must add in extra pieces in order to have a solution. This will be done below. The
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Initial chirality imbalance,  nR ≠ nL

8

Quark interactions with topologically non-trivial gluonic 
configurations - instantons, sphalerons, etc., the same 
physics as that of the chiral symmetry breaking. 

   NCS =   -2       -1        0         1          2
Instantons and sphalerons are  localized (in 
space and time) solutions  describing 
transitions between different vacua via 
tunneling or go-over-barrier

Glasma

dQ5/dt / E ·B

2QT = nR � nL

Topological transitions
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the produced quarks 
at early times 
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Early Stages of Heavy Ion collisions

Kharzeev et al 0711.0950, Skokov et al 0907.1396, Bzdak, 
Skokov 1111.1949, McLerran, Skokov 1305.0774

Strength : eB ∼(mπ)2 ∼1018 Gauss 
Direction : ⏊ reaction plane ΨRP (mid-central, symmetric A+A)
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Figure 1: Magnetic field for static medium with Ohmic conductivity, �Ohm.

The total magnetic helicity

H =

Z

V
d3x ~A ~B (15)

is conserved for the closed systems. For two fluxes of the magnetic field �1 and
�2, the helicity can be related to the linking number H = 2n�1�2. Substituting
Eq. (14) to Eq. (15) and performing trivial transformations we obtain for the
helicity

H� = � 1

��

Z

V

~B2d3x = �8⇡

��
EB , (16)

where EB is the total magnetic energy. This shows that conservation of the
helicity leads to the conservation of the total magnetic energy for the processes
with the timescales, tc ⌧ 1/��. The volume V in Eq. (16) is defined by the
region of space, where �� 6= 0. Owing to the expansion of the medium this
volume grows in time roughly as t3 for late times, as t for early times. Therefore
we expect the magnetic field to decay according to the power law B ⇠ t�3/2

or B ⇠ t�1/2 . This is somewhat slower then the decay of the field induced
by the spectators Bspect ⇠ t�2. This conclusion, however, does not take into
account the formation of non-trivial topological objects, knots of the magnetic
field with non-trivial linking number. As was shown in Ref. [8], the higher
the linking number corresponds to longer lifetime of the magnetic field up to
Bn ⇠ t�1/6. Returning to the constraint �� � 1/tc, we can roughly estimate
if this is satisfied in heavy ion collisions. The chiral conductivity is defined by

4

Figure 1: Collision of relativistic heavy ions produces a hot QCD matter penetrated by
the flux of a strong magnetic field.

The challenge of collective dynamics in QCD thus calls for the study of
response of strongly interacting matter to intense coherent electromagnetic
fields. Experimental access to the study of QCD plasma in very intense
magnetic fields with magnitude eB ⇠ 10 m2

⇡ (or ⇠ 1018 G) [2, 3] is provided
by the collisions of relativistic heavy ions. At nonzero impact parameter,
these collisions create the magnetic field that is aligned, on the average,
perpendicular to the reaction plane, see Fig. 1. Somewhat weaker magnetic
fields ⇠ 1015 G exist in magnetars, where it may a↵ect the properties of cold
dense nuclear or quark matter.

1.2. The chiral anomaly and Dirac sea

“Become totally empty
quiet the restlessness of the mind
only then will you witness everything
unfolding from emptiness.”

Lao Tzu

The term “quantum anomaly” refers to the situation when a classical
symmetry of the theory is broken by quantum e↵ects. For example, QCD in
the chiral limit of massless quarks possesses the chiral and scale invariances
leading, by Noether’s theorem, to the conservation of axial and dilatational

3

Early stages of heavy ion collisions also produce 
strongest electro-magnetic field
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The Chiral Magnetic Effect

QCD anomaly driven chirality imbalance leads to current along B-field

Kharzeev hep-ph/0406125; Kharzeev, Zhitnitsky 0706.1026; 
Kharzeev, McLerran, Warringa 0711.0950;             
Fukushima, Kharzeev, Warringa 0808.3382

Figure 1: (Color online) Illustration of the Chiral Magnetic E↵ect. To be specific, the illustration is for
just one kind of massless quarks with positive electric charge Q > 0 and for the case of µ5 > 0. For
quarks with negative electric charge the quark current ~J is generated in the opposite direction (owing
to the opposite spin polarization) but their contribution to the electric current would be the same as
that from positively charged quarks. For µ5 < 0 the current will flip direction.

rate dQ5/dt =
R
~
x

CA
~E · ~B with CA = (Qe)2/(2⇡2) the universal anomaly coe�cient. Now a nonzero

axial chemical potential µ5 6= 0 implies an energy cost for creating each unit of axial charge, thus the
energy changing rate via anomaly counting would give the power P = µ5(dQ5/dt) =

R
~
x

[CAµ5]~E · ~B.
These reasonings therefore lead to the following identification:

Z

~
x

[(Qe)�5]~E · ~B =

Z

~
x

[CAµ5]~E · ~B (8)

for any auxiliary ~E field. Thus the �5 must take the universal value CAµ5

Qe
= Qe

2⇡2µ5 that is completely
fixed by the chiral anomaly.

The transport phenomenon in Eq. (4) bears a distinctive feature that is intrinsically di↵erent from
Eq. (7). The chiral magnetic conductivity �5 is a T -even transport coe�cient while the usual conduc-
tivity � is T -odd [26]. That is, the CME current can be generated as an equilibrium current without
producing entropy, while the usual conducting current is necessarily dissipative.

2.2 The Chiral Separation E↵ect

By reminding ourselves of the axial counterpart in Eq. (5) of the vector current, which we have discussed
so far, it may be natural to ask: could axial current also be generated under certain circumstances in
response to external probe fields? The answer is positive. A complementary transport phenomenon to
the CME has been found and named the Chiral Separation E↵ect (CSE) [61, 62]:

~J5 = �s
~B . (9)

It states that an axial current is generated along an external ~B field, with its magnitude in proportion
to the system’s (nonzero) vector chemical potential µ as well as the field magnitude. The coe�cient
(which may be called the CSE conductivity) is given by �s =

Qe
2⇡2µ.

Intuitively the CSE may be understood in the following way, as illustrated in Fig. 2. The magnetic
field leads to a spin polarization (i.e. “magnetization”) e↵ect, with h~si / (Qe)~B. This e↵ect implies that
the positively charged quarks have their spins preferably aligned along the ~B field direction, while the

7
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Axial charge 
Vector charge j0

v
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y
z

FIG. 1. Illustration of real-time dynamics of the chiral magnetic wave for light quarks (mrsph ⌧ 1 ). Contour lines represent
the distribution of axial and vector charges at times t/tsph = 0.6, 0.9, 1.1, 1.3, 1.6, 1.9 of the evolution. Simulations were
performed on a 24⇥ 24⇥ 64 lattice.

the magnetic screening length (see e.g. [13, 43, 44]) a con-
version to physical units can be achieved by assigning a
value of about 200�500 MeV to r�1

sph. If not stated other-
wise we use a lattice spacing of rsph/a = 6, the duration
of the sphaleron transition is chosen as tsph = 3/2rsph

(corresponding to ⇠ 0.6 � 1.5 fm/c) and the magnetic
field strengths considered in this work is qB = 3.5r�2

sph

(corresponding to a few m2
⇡

).
Non-equilibrium dynamics of axial and vector

charges We will now analyze the dynamics of the axial
and vector charges during and after a sphaleron transi-
tion, and first focus on the anomalous transport of light
quarks with mrsph ⌧ 1, where dissipative e↵ects due to a
finite quark mass can be neglected over the time scale of
a sphaleron transition. Our results for the time evolution
of the axial and vector densities j0

v/a

(t, x) in the presence
of an external magnetic field are compactly summarized
in Fig. 1 where we show contour lines of the distributions
at various stages of the time evolution.
We observe that during the sphaleron transition, a lo-

cal imbalance of axial charge j0
a

is generated according to
the axial anomaly; at the same time the chiral magnetic
e↵ect induces a vector current jz

v

with a similar profile
in coordinate space. Conservation of the vector current
@

µ

jµ

v

= 0, implies that longitudinal gradients of the cur-
rent @

z

jz

v

, lead to separation of electric charges along
the direction of ~B; over time electric charge accumulates
at the edges of the sphaleron, resulting in a dipole like
structure of the vector charge density j0

v

observed e.g. at
t/tsph = 0.6, 0.9 in Fig. 1.

Since the local imbalance of vector charge j0
v

in turn
induces an axial current ~j

a

/ j0
v

~B due to the chiral sep-
aration e↵ect (CSE) [45], the combination of CME and
CSE ultimately leads to the formation of a chiral mag-
netic wave [18, 46]. We observe from Fig. 1, that the

chiral magnetic wave manifests itself as the propagation
of a soliton-like wave-packet associated with the non-
dissipative transport of axial and vector charges along
the direction of magnetic field. We note that this is the
first time that the emergence of such a collective exci-
tation is confirmed in non-perturbative real-time lattice
gauge theory simulations.
Chiral magnetic wave: The dynamics of the chiral

magnetic wave can be further investigated by integrating
out the transverse coordinates to study the propagation
of the wave-packet along the longitudinal direction. This
allows us to compare the results of our microscopic simu-
lations with a macroscopic description within the frame-
work of anomalous hydrodynamics in a straightforward
way. In anomalous hydrodynamics [18–21], the coupled
dynamics of axial and vector charges is described in terms
of conservation laws and the constitutive relations of the
currents, which to leading order in gradients and in pres-
ence of an external magnetic field Bµ = (0, 0, 0, B) take
the form [19]

jµ

v,a

= n
v,a

uµ + D
v,a

Oµn
v,a

+ �B

v,a

Bµ . (7)

Specifically, for a system of non-interacting fermions, the
di↵usion constant D

v,a

, vanishes and the anomalous con-
ductivities are simply given by �B

v,a

= n
a,v

/B when the

magnetic field strength is su�ciently large B � r�2
sph, m2

[2]. In the local rest-frame uµ = (1, 0, 0, 0), the anoma-
lous hydrodynamic equations of motion for the integrated
quantities j0,z

v,a

(t, z) =
R

d2x? j0,z

v,a

(t, x?, z) then take the
form,

@
t

✓
j0
v

(t, z)
j0
a

(t, z)

◆
= �@

z

✓
j0
a

(t, z)
j0
v

(t, z)

◆
+

✓
0

S(t, z)

◆
(8)

with the sphaleron induced source term given as S(t, z) =

� g

2

8⇡

2

R
d2x?Tr Fµ⌫ F̃

µ⌫

. The solutions for the vector and

The Chiral Magnetic Effect

Real-time first principle lattice calculations of CME

Muller, Schlichting, Sharma, PRL 117 142301 (2016)              
Mace, Mueller, Schlichting, Sharma PRD 95, 036023 (2017)

B→

5

Formation of dipoles in the initial charge distribution 
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Observables of CME
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B→

Dipole in the initial charge distribution

Dipole in distribution of produced hadrons : 

ΨRP

CME current can lead to out-of-plane charge dependent 
dipoles in the produced hadron distribution  

_

see Kharzeev, Liao, Voloshin, Wang 1511.04050 
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Observables of CME
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B→

Dipole in the charge distribution

Dipole in electric charge chemical potential :

Dipole in distribution of produced hadrons : 

ΨRP

the QGP fireball and negative charges toward the opposite pole, thus forming a dipole moment in the
charge distribution of the QGP. This e↵ect can be incorporated into the hadron production at freeze-out
through a nontrivial electric charge chemical potential of the form ⇠ µe sin(�s � RP) (where �s is the
spatial azimuthal angle and  RP is the reaction plane angle). Its consequence can be demonstrated via
the Cooper-Frye procedure for produced final hadron’s spectra:

dN±

d�
/

Z

source

e�pµuµe±(µe/Tf ) sin(�s� RP). (21)

Here we have suppressed other kinetic variables and focused on the azimuthal angle distribution, and
for simplicity have used the Boltzmann approximation with the freeze-out temperature Tf . The strong
radial flow (hidden in flow velocity field uµ) will collimate the azimuthal angle � of emitted hadron’s
momentum with the spatial angle �s of the local emission cell in the source, and thus the out-of-plane
dipole in the chemical potential will “translate” into a charge-dependent dipole term in the emitted
hadron distributions. Using the parameterization of the paricle azimuthal distribution in a form [103]:

dN±

d�
/ 1 + 2v1 cos(�� RP) + 2v2 cos[2(�� RP)] + ...+ 2a± sin(�� RP) + ..., (22)

where v1 and v2 are coe�cients accounting for the so-called directed and elliptic flow [104], one finds that
a+ = �a� / µe / µ5|~B|. There is however an important complication: the µ5 arising from fluctuations
will take di↵erent signs from event to event, and on event average this dipole term vanishes, so a direct
measurement of this P-odd e↵ect is not possible. Indeed a non-zero value of a± would manifest global
parity violation which should not occur in QCD. Fig. 8 presents the STAR measurements of ha±i with
the 1st harmonic event plane reconstructed from spectator neutrons [105]. These results indicate no
significant charge dependence in all centrality intervals, where the typical di↵erence between positive
and negative charges is less than 10�4.
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Figure 7: Schematic depiction of the transverse
plane for a collision of two heavy ions (the left one
emerging from and the right one going into the
page) [106]. Particles are produced in the overlap
region (green-colored nucleons).
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Harmonic decomposition should reflect the P-odd effect

Voloshin, PRC 70 (2004) 057901B→

_

Sergei’s γ-correlator :

C112 = ⟨cos(φα + φβ − 2φc)⟩3-particle-correlator :

ΨRP

⟨sin(φα −ΨRP ) sin(φβ −ΨRP )⟩ __+
_ +

__
Only correlations survive flipping of dipole
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FIG. 4: (Color online) ⟨sin(φα − Ψ1)⟩ for positive and nega-
tive charges versus centrality for Au+Au collisions at

√
sNN=

200 GeV. Shaded area represents the systematic uncertainty
for both charge types obtained by comparing correlations
from positive and negative pseudorapidity.

The three-point correlator measured with 1st and 2nd

harmonic event planes is shown in Fig. 5. We find con-
sistency between correlations obtained with both event
plane types. As the pseudorapidity gap between the
ZDC-SMD(Ψ1) and the TPC(particles α and β) is rather
large (∼ 7 units in η) , we find “direct” three-particle
effects (clusters) to be an unlikely source for the sig-
nal. This is an indication that the signal is likely a gen-
uine correlation with respect to the reaction plane. Also
shown for comparison in Fig. 5 are our previous results
from the 2004 RHIC run [9, 10] which are consistent with
the current results within statistical errors.

The modulated sign correlations are compared with
the three-point correlator in Fig. 6. It is evident that the
msc is able to reproduce the same trend as the three-point
correlator although their magnitudes differ slightly. It is
also clear that the correlation magnitude for same charge
pairs is larger than for opposite charge pairs for both
correlators. The charge combinations of ++ and −− are
consistent with each other for the msc (not shown here),
just like the case for the three-point correlator [10]. We
also plot the model calculation of THERMINATOR [21]
to be discussed later.

Before any possible interaction with the medium, the
CME is expected to generate equal correlation magni-
tudes for same and opposite charge pairs. It was pre-
viously supposed that medium suppression of back-to-
back phenomena could be responsible for this magnitude
asymmetry [9, 10]. Oppositely charged pairs from the
CME may not freeze out back-to-back, but instead with
one of the particles deflected closer to the event plane due
to multiple scattering within the medium. This is most
likely to occur for the particle traversing the largest path
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FIG. 5: (Color online) Three-point correlator, Eq. 1, mea-
sured with 1st and 2nd harmonic event planes versus centrality
for Au+Au collisions at

√
sNN= 200 GeV. Shown with crosses

are our previous results from the 2004 RHIC run (Y4) [9, 10].
The Y4 run used a second harmonic event plane. Y4 and
Y7 Ψ2 results are consistent within statistical errors. Shaded
areas for the 2nd harmonic points represent the systematic
uncertainty of the event plane determination. Systematic un-
certainties for the 1st harmonic points are negligible compared
to the statistical ones shown.

length through the medium. However, when we weight
all azimuthal regions of charge separation equally, as with
the msc in Fig. 6, we do not recover a magnitude sym-
metry.

The two terms of the msc in Eq. 9 are shown in Fig. 7.
We observe that same and opposite charge correlations
in the ∆N term have very similar magnitudes, but oppo-
site signs for all centrality bins. This feature is expected
from the construction of the ∆N term due to the rela-
tively large and approximately equal positive and nega-
tive charge multiplicities. A model calculation including
statistical+dynamical fluctuations of particle azimuthal
distributions should be performed in order to rule out
P-even explanations. The ∆msc term has a similar mag-
nitude for same and opposite charge correlations, indi-
cating a charge-independent background for the correla-
tions. Thus, the source of the magnitude asymmetry be-
tween same and opposite charge correlations about zero
as shown in Fig. 6 is isolated in the∆msc term (Note that
the sum of both terms yields the total msc). To further
investigate the source of this background, we plot−v2/N ,
a simplified estimate of the effect due to momentum con-
servation and elliptic flow [22]. Here v2 was introduced
in Eq. 2, and the values are from Ref. [23]. N represents
the total number of produced particles, but in this prac-
tice we only counted those within |η| < 1. −v2/N well
matches the ∆msc term for 0−50% collisions. MEVSIM
is a Monte Carlo event generator, developed for STAR
simulations [24]. A model calculation of MEVSIM with
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FIG. 8: (Color online) Three-point correlations split
up into out-of-plane (⟨sin(∆φα) sin(∆φβ)⟩) and in-plane
(⟨cos(∆φα) cos(∆φβ)⟩) composite parts for 40− 60% Au+Au
collisions at

√
sNN= 200 GeV. (a) shows the correlations ver-

sus ⟨η⟩ = (ηα + ηβ)/2. (b) shows the correlations versus
|∆η| = |ηα − ηβ |. Statistical errors are smaller than the sym-
bol size. Systematic errors are given by the shaded bands
and apply only to the difference of in-plane and out-of-plane
parts.

coupled with elliptic flow.

VI. SUMMARY

Correlations sensitive to charge separation in heavy-
ion collisions have been presented. Consistency between
correlations with respect to 1st and 2nd harmonic event
planes demonstrates that the signal is likely to be related
to the reaction plane. Also presented was a reduced ver-
sion of the three-point correlation in which all regions of
charge separation are weighted equally. The same quali-
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tative signal was found to persist in this scheme as well.
The signal shown in Fig. 6 is largely determined by the
sign (±) of the cosine and sine functions in Eq. 1.
We also explicitly counted units of charge separation

with which we could better understand the source of the
opposite charge suppression. A parity conserving back-
ground, due to momentum conservation and collective
flow, is more likely to explain the suppression rather than
the medium induced back-to-back suppression previously
supposed [9, 10]. A comparison of the RMS values for
∆QOUT and ∆QIN suggests greater charge separation
fluctuations perpendicular to rather than parallel to the
event plane. The CME as well as P-even processes such

9

|〉η〈|
0 0.2 0.4 0.6 0.8 1

C 
or

 S

-1

0

1

2

3

4

5
-310×

40 - 60%

(a) opposite charge
〉)

β
φ ∆)cos(

α
φ ∆cos(〈 ≡C 

〉)
β
φ ∆)sin(

α
φ ∆sin(〈 ≡S 

|η∆|
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

C 
or

 S

-1

0

1

2

3

-310×

(b) same charge
〉)

β
φ ∆)cos(

α
φ ∆cos(〈 ≡C 

〉)
β
φ ∆)sin(

α
φ ∆sin(〈 ≡S 

FIG. 8: (Color online) Three-point correlations split
up into out-of-plane (⟨sin(∆φα) sin(∆φβ)⟩) and in-plane
(⟨cos(∆φα) cos(∆φβ)⟩) composite parts for 40− 60% Au+Au
collisions at

√
sNN= 200 GeV. (a) shows the correlations ver-

sus ⟨η⟩ = (ηα + ηβ)/2. (b) shows the correlations versus
|∆η| = |ηα − ηβ |. Statistical errors are smaller than the sym-
bol size. Systematic errors are given by the shaded bands
and apply only to the difference of in-plane and out-of-plane
parts.

coupled with elliptic flow.

VI. SUMMARY

Correlations sensitive to charge separation in heavy-
ion collisions have been presented. Consistency between
correlations with respect to 1st and 2nd harmonic event
planes demonstrates that the signal is likely to be related
to the reaction plane. Also presented was a reduced ver-
sion of the three-point correlation in which all regions of
charge separation are weighted equally. The same quali-

 (GeV/c)〉
T

p〈
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

C 
or

 S

-6

-4

-2

0

2

4

-310×

40 - 60%
(a) opposite charge

〉)
β
φ ∆)cos(

α
φ ∆cos(〈 ≡C 

〉)
β
φ ∆)sin(

α
φ ∆sin(〈 ≡S 

| (GeV/c)
T

p∆|
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

C 
or

 S

-1.5

-1

-0.5

0

0.5

1

1.5

-310×

(b) same charge
〉)

β
φ ∆)cos(

α
φ ∆cos(〈 ≡C 

〉)
β
φ ∆)sin(

α
φ ∆sin(〈 ≡S 

FIG. 9: (Color online) Three-point correlations split up
into out-of-plane and in-plane composite parts for 40 − 60%
Au+Au collisions at

√
sNN= 200 GeV. (a) shows the corre-

lations versus ⟨pT ⟩ = (pT,α + pT,β)/2. (b) shows the corre-
lations versus |∆pT | = |pT,α − pT,β|. Statistical errors are
smaller than the symbol size. Systematic errors are given by
the shaded bands and apply only to the difference of in-plane
and out-of-plane parts.

tative signal was found to persist in this scheme as well.
The signal shown in Fig. 6 is largely determined by the
sign (±) of the cosine and sine functions in Eq. 1.
We also explicitly counted units of charge separation

with which we could better understand the source of the
opposite charge suppression. A parity conserving back-
ground, due to momentum conservation and collective
flow, is more likely to explain the suppression rather than
the medium induced back-to-back suppression previously
supposed [9, 10]. A comparison of the RMS values for
∆QOUT and ∆QIN suggests greater charge separation
fluctuations perpendicular to rather than parallel to the
event plane. The CME as well as P-even processes such
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Two experimental unknowns : 
direction of ΨRP & sign of μ5

measure
correlation

Voloshin, PRC 70 (2004) 057901B→

_

_

⟨sin(φα −ΨRP ) sin(φβ −ΨRP )⟩

the QGP fireball and negative charges toward the opposite pole, thus forming a dipole moment in the
charge distribution of the QGP. This e↵ect can be incorporated into the hadron production at freeze-out
through a nontrivial electric charge chemical potential of the form ⇠ µe sin(�s � RP) (where �s is the
spatial azimuthal angle and  RP is the reaction plane angle). Its consequence can be demonstrated via
the Cooper-Frye procedure for produced final hadron’s spectra:

dN±

d�
/

Z

source

e�pµuµe±(µe/Tf ) sin(�s� RP). (21)

Here we have suppressed other kinetic variables and focused on the azimuthal angle distribution, and
for simplicity have used the Boltzmann approximation with the freeze-out temperature Tf . The strong
radial flow (hidden in flow velocity field uµ) will collimate the azimuthal angle � of emitted hadron’s
momentum with the spatial angle �s of the local emission cell in the source, and thus the out-of-plane
dipole in the chemical potential will “translate” into a charge-dependent dipole term in the emitted
hadron distributions. Using the parameterization of the paricle azimuthal distribution in a form [103]:

dN±

d�
/ 1 + 2v1 cos(�� RP) + 2v2 cos[2(�� RP)] + ...+ 2a± sin(�� RP) + ..., (22)

where v1 and v2 are coe�cients accounting for the so-called directed and elliptic flow [104], one finds that
a+ = �a� / µe / µ5|~B|. There is however an important complication: the µ5 arising from fluctuations
will take di↵erent signs from event to event, and on event average this dipole term vanishes, so a direct
measurement of this P-odd e↵ect is not possible. Indeed a non-zero value of a± would manifest global
parity violation which should not occur in QCD. Fig. 8 presents the STAR measurements of ha±i with
the 1st harmonic event plane reconstructed from spectator neutrons [105]. These results indicate no
significant charge dependence in all centrality intervals, where the typical di↵erence between positive
and negative charges is less than 10�4.
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Figure 7: Schematic depiction of the transverse
plane for a collision of two heavy ions (the left one
emerging from and the right one going into the
page) [106]. Particles are produced in the overlap
region (green-colored nucleons).
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charges versus centrality for Au+Au collisions atp
sNN = 200 GeV [105].

What can be measured is the event-by-event correlations of a±, that is, a term ha↵a�i where ↵ and
� represent electric charge + or �. This however comes with the price of dealing with now P-even
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Sergei’s γ-correlator :
��,� = �cos(�� + �� � 2�RP )�

= �cos(�� � �RP ) cos(�� � �RP )�
��sin(�� � �RP ) sin(�� � �RP )�

��,� = �cos(�� + �� � 2�RP )�
= �cos(�� � �RP ) cos(�� � �RP )�
��sin(�� � �RP ) sin(�� � �RP )�

C112 = ⟨cos(φα + φβ − 2φc)⟩3-particle-correlator :

+
_
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the QGP fireball and negative charges toward the opposite pole, thus forming a dipole moment in the
charge distribution of the QGP. This e↵ect can be incorporated into the hadron production at freeze-out
through a nontrivial electric charge chemical potential of the form ⇠ µe sin(�s � RP) (where �s is the
spatial azimuthal angle and  RP is the reaction plane angle). Its consequence can be demonstrated via
the Cooper-Frye procedure for produced final hadron’s spectra:
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Here we have suppressed other kinetic variables and focused on the azimuthal angle distribution, and
for simplicity have used the Boltzmann approximation with the freeze-out temperature Tf . The strong
radial flow (hidden in flow velocity field uµ) will collimate the azimuthal angle � of emitted hadron’s
momentum with the spatial angle �s of the local emission cell in the source, and thus the out-of-plane
dipole in the chemical potential will “translate” into a charge-dependent dipole term in the emitted
hadron distributions. Using the parameterization of the paricle azimuthal distribution in a form [103]:
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where v1 and v2 are coe�cients accounting for the so-called directed and elliptic flow [104], one finds that
a+ = �a� / µe / µ5|~B|. There is however an important complication: the µ5 arising from fluctuations
will take di↵erent signs from event to event, and on event average this dipole term vanishes, so a direct
measurement of this P-odd e↵ect is not possible. Indeed a non-zero value of a± would manifest global
parity violation which should not occur in QCD. Fig. 8 presents the STAR measurements of ha±i with
the 1st harmonic event plane reconstructed from spectator neutrons [105]. These results indicate no
significant charge dependence in all centrality intervals, where the typical di↵erence between positive
and negative charges is less than 10�4.
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the QGP fireball and negative charges toward the opposite pole, thus forming a dipole moment in the
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spatial azimuthal angle and  RP is the reaction plane angle). Its consequence can be demonstrated via
the Cooper-Frye procedure for produced final hadron’s spectra:

dN±

d�
/

Z

source

e�pµuµe±(µe/Tf ) sin(�s� RP). (21)

Here we have suppressed other kinetic variables and focused on the azimuthal angle distribution, and
for simplicity have used the Boltzmann approximation with the freeze-out temperature Tf . The strong
radial flow (hidden in flow velocity field uµ) will collimate the azimuthal angle � of emitted hadron’s
momentum with the spatial angle �s of the local emission cell in the source, and thus the out-of-plane
dipole in the chemical potential will “translate” into a charge-dependent dipole term in the emitted
hadron distributions. Using the parameterization of the paricle azimuthal distribution in a form [103]:

dN±

d�
/ 1 + 2v1 cos(�� RP) + 2v2 cos[2(�� RP)] + ...+ 2a± sin(�� RP) + ..., (22)

where v1 and v2 are coe�cients accounting for the so-called directed and elliptic flow [104], one finds that
a+ = �a� / µe / µ5|~B|. There is however an important complication: the µ5 arising from fluctuations
will take di↵erent signs from event to event, and on event average this dipole term vanishes, so a direct
measurement of this P-odd e↵ect is not possible. Indeed a non-zero value of a± would manifest global
parity violation which should not occur in QCD. Fig. 8 presents the STAR measurements of ha±i with
the 1st harmonic event plane reconstructed from spectator neutrons [105]. These results indicate no
significant charge dependence in all centrality intervals, where the typical di↵erence between positive
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Sergei’s γ-correlator :
��,� = �cos(�� + �� � 2�RP )�

= �cos(�� � �RP ) cos(�� � �RP )�
��sin(�� � �RP ) sin(�� � �RP )�

��,� = �cos(�� + �� � 2�RP )�
= �cos(�� � �RP ) cos(�� � �RP )�
��sin(�� � �RP ) sin(�� � �RP )�

C112 = ⟨cos(φα + φβ − 2φc)⟩3-particle-correlator :

+
_

Early observation of charge separation in Au+Au 200 GeV

Indication that pairs of same-charges 
preferably flow together & out-of plane
Weak preference for opposite charges 

Adamczyk et al PRL 103, 251601 (2009), PRC 88 (2013) 6, 064911 

Au+Au 200 GeV

Au+Au 
200 GeV 
40 - 60% γos

γss

Multiple sources of background ?
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Sources of background
Background can contribute only in a very specific way

Sergei’s γ-correlator :
��,� = �cos(�� + �� � 2�RP )�

= �cos(�� � �RP ) cos(�� � �RP )�
��sin(�� � �RP ) sin(�� � �RP )�

��,� = �cos(�� + �� � 2�RP )�
= �cos(�� � �RP ) cos(�� � �RP )�
��sin(�� � �RP ) sin(�� � �RP )�

observables that become vulnerable to background e↵ects which could dominate the measurements. One
way of suppression of these background e↵ects, proposed by Voloshin [103], is to make a subtraction
between the desired out-of-plane correlation and the in-plane correlation:

� ⌘ hcos(�↵ + �� � 2 RP)i = hcos��↵ cos���i � hsin��↵ sin���i (23)

= [hv1,↵v1,�i+ BIN]� [ha↵a�i+ BOUT]

⇡ �ha↵a�i+ [BIN � BOUT],

where �� = (� �  RP), and the averaging is done over all particles in an event and over all events.
BIN and BOUT represent contributions from P-even background processes. This method allows to
scale down the contribution from background correlations by approximately a factor of v2 , since the
di↵erence between BIN and BOUT must be proportional to elliptic flow. In the originally studied case
of the so-called “flowing clusters” [103, 107]

BIN � BOUT

BIN + BOUT

= v2,cl
hcos(�↵ + �� � 2�cl)i

hcos(�↵ � ��)i , (24)

where �cl is the cluster emission azimuthal angle, and �↵ and �� and the azimthal angle of two decay
products. A useful way to help decipher the remaining backgrounds is by examining the above �
correlator together with another correlator � ⌘ hcos(�↵���)i = hcos��↵ cos���i+hsin��↵ sin���i
(see e.g. [108]), from which one can separate the in-plane and out-of-plane projected correlations.

To demonstrate further how such elliptic-flow-induced backgrounds may contribute to the correla-
tors, let us also examine the well studied example of the transverse momentum conservation (TMC)
e↵ect (see detailed discussions in e.g. [109, 110, 111]). The TMC leads to the following pertinent
two-particle correlation term:

f2(�↵,��) / ...+ f1(�↵ � RP)f1(�� � RP)

"
F

 
p↵xp

�
x

hp2xiF
+

p↵yp
�
y

hp2yiF

!#
, (25)

where the coe�cient F represents the strength of this correlation term, the f1(�� RP) is the measured
single particle distribution of the form f1 / 1 + 2hv2i⌦ cos 2(� �  RP) + ..., px = pT cos(� �  RP) and
py = pT sin(� �  RP). It is worth emphasizing that hiF denotes an average of all produced particles
in the full phase space; the actual measurements will be only in a fraction of the full space, which we
denote by hi⌦. Assuming for simplicity v2(pT ) = const, to the linear order of the small quantity v2 we
have hp2xi ⇡ hp2T i(1 + hv2iF )/2 and hp2yi ⇡ hp2T i(1 � hv2iF )/2. It is then not di�cult to find that such
background e↵ect would make the following leading contributions to the observables � and �:

� ! hv2i⌦F , � ! F, (26)

where the coe�cient  ⇡ 2�hv2iF/hv2i⌦ would become unity in the ideal full acceptance case. Another
extensively studied elliptic-flow-induced background, the positive-negative charge correlation from local
charge conservation (LCC) e↵ect [112, 113], has a similar characteristic structure as the above. Note
such a structure is quite di↵erent from that of the CME, which gives � ! �H and � ! H (with
H = ha↵a�i the signal strength). These observations have motivated the following decomposition
analysis [106] that can help obtain a qualitative estimates of the CME signal and flow backgrounds:

� = hv2i⌦F �H , � = F +H. (27)

Note that the coe�cient  in the above expression depends on particle charge combination and particle
transverse momentum. It may also depend on centrality and collision energy, reflecting slightly di↵erent
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Directed flow 
(small at |η|<1)

Interesting  
Signal

In-plane 
background

Out-of-plane 
background

(BIN - BOUT) ~ v2/N 
~ v2 (anisotropy)  
~ 1/ Multiplicity (random-walk)

QM2017, Student day, February 5, 2017page S.A. Voloshin

“Gamma” correlator, background
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One of the “strong” candidates: Local Charge 
Conservation at freeze-out + Radial + Elliptic Flow.  
Blast Wave model:

- Correlations only between opposite charges  
- To be consistent with data must be combined with  
  (negative) charge independent correlations  
  (e.g. momentum conservation).  
- No event generator exhibits such strong correlations  
  as predicted by Blast Wave model
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=

0
LCC explains Δγ = (γos - γss) but not  γos & γss separately

Momentum conservation leads to negative γos  & γss  but Δγ=0    

c > 0 if α ≠ β ⇒ γos  > 0 
c = 0 if α = β ⇒ γss  = 0

Local charge conservation : 
γos - γss > 0}
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FIG. 4: (Color online) ⟨sin(φα − Ψ1)⟩ for positive and nega-
tive charges versus centrality for Au+Au collisions at

√
sNN=

200 GeV. Shaded area represents the systematic uncertainty
for both charge types obtained by comparing correlations
from positive and negative pseudorapidity.

The three-point correlator measured with 1st and 2nd

harmonic event planes is shown in Fig. 5. We find con-
sistency between correlations obtained with both event
plane types. As the pseudorapidity gap between the
ZDC-SMD(Ψ1) and the TPC(particles α and β) is rather
large (∼ 7 units in η) , we find “direct” three-particle
effects (clusters) to be an unlikely source for the sig-
nal. This is an indication that the signal is likely a gen-
uine correlation with respect to the reaction plane. Also
shown for comparison in Fig. 5 are our previous results
from the 2004 RHIC run [9, 10] which are consistent with
the current results within statistical errors.
The modulated sign correlations are compared with

the three-point correlator in Fig. 6. It is evident that the
msc is able to reproduce the same trend as the three-point
correlator although their magnitudes differ slightly. It is
also clear that the correlation magnitude for same charge
pairs is larger than for opposite charge pairs for both
correlators. The charge combinations of ++ and −− are
consistent with each other for the msc (not shown here),
just like the case for the three-point correlator [10]. We
also plot the model calculation of THERMINATOR [21]
to be discussed later.
Before any possible interaction with the medium, the

CME is expected to generate equal correlation magni-
tudes for same and opposite charge pairs. It was pre-
viously supposed that medium suppression of back-to-
back phenomena could be responsible for this magnitude
asymmetry [9, 10]. Oppositely charged pairs from the
CME may not freeze out back-to-back, but instead with
one of the particles deflected closer to the event plane due
to multiple scattering within the medium. This is most
likely to occur for the particle traversing the largest path
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FIG. 5: (Color online) Three-point correlator, Eq. 1, mea-
sured with 1st and 2nd harmonic event planes versus centrality
for Au+Au collisions at

√
sNN= 200 GeV. Shown with crosses

are our previous results from the 2004 RHIC run (Y4) [9, 10].
The Y4 run used a second harmonic event plane. Y4 and
Y7 Ψ2 results are consistent within statistical errors. Shaded
areas for the 2nd harmonic points represent the systematic
uncertainty of the event plane determination. Systematic un-
certainties for the 1st harmonic points are negligible compared
to the statistical ones shown.

length through the medium. However, when we weight
all azimuthal regions of charge separation equally, as with
the msc in Fig. 6, we do not recover a magnitude sym-
metry.
The two terms of the msc in Eq. 9 are shown in Fig. 7.

We observe that same and opposite charge correlations
in the ∆N term have very similar magnitudes, but oppo-
site signs for all centrality bins. This feature is expected
from the construction of the ∆N term due to the rela-
tively large and approximately equal positive and nega-
tive charge multiplicities. A model calculation including
statistical+dynamical fluctuations of particle azimuthal
distributions should be performed in order to rule out
P-even explanations. The ∆msc term has a similar mag-
nitude for same and opposite charge correlations, indi-
cating a charge-independent background for the correla-
tions. Thus, the source of the magnitude asymmetry be-
tween same and opposite charge correlations about zero
as shown in Fig. 6 is isolated in the∆msc term (Note that
the sum of both terms yields the total msc). To further
investigate the source of this background, we plot−v2/N ,
a simplified estimate of the effect due to momentum con-
servation and elliptic flow [22]. Here v2 was introduced
in Eq. 2, and the values are from Ref. [23]. N represents
the total number of produced particles, but in this prac-
tice we only counted those within |η| < 1. −v2/N well
matches the ∆msc term for 0−50% collisions. MEVSIM
is a Monte Carlo event generator, developed for STAR
simulations [24]. A model calculation of MEVSIM with

γos

γss

Pratt 1002.1758, 

Pratt, Schlichting, Gavin1011.6053

Bzdak, Koch, Liao 1008.4919
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FIG. 4: (Color online) ⟨sin(φα − Ψ1)⟩ for positive and nega-
tive charges versus centrality for Au+Au collisions at

√
sNN=

200 GeV. Shaded area represents the systematic uncertainty
for both charge types obtained by comparing correlations
from positive and negative pseudorapidity.

The three-point correlator measured with 1st and 2nd

harmonic event planes is shown in Fig. 5. We find con-
sistency between correlations obtained with both event
plane types. As the pseudorapidity gap between the
ZDC-SMD(Ψ1) and the TPC(particles α and β) is rather
large (∼ 7 units in η) , we find “direct” three-particle
effects (clusters) to be an unlikely source for the sig-
nal. This is an indication that the signal is likely a gen-
uine correlation with respect to the reaction plane. Also
shown for comparison in Fig. 5 are our previous results
from the 2004 RHIC run [9, 10] which are consistent with
the current results within statistical errors.
The modulated sign correlations are compared with

the three-point correlator in Fig. 6. It is evident that the
msc is able to reproduce the same trend as the three-point
correlator although their magnitudes differ slightly. It is
also clear that the correlation magnitude for same charge
pairs is larger than for opposite charge pairs for both
correlators. The charge combinations of ++ and −− are
consistent with each other for the msc (not shown here),
just like the case for the three-point correlator [10]. We
also plot the model calculation of THERMINATOR [21]
to be discussed later.
Before any possible interaction with the medium, the

CME is expected to generate equal correlation magni-
tudes for same and opposite charge pairs. It was pre-
viously supposed that medium suppression of back-to-
back phenomena could be responsible for this magnitude
asymmetry [9, 10]. Oppositely charged pairs from the
CME may not freeze out back-to-back, but instead with
one of the particles deflected closer to the event plane due
to multiple scattering within the medium. This is most
likely to occur for the particle traversing the largest path

Centrality (%)

〉)
R

P
Ψ

-2 βφ+
αφ

co
s(

〈

-1.5

-1

-0.5

0

0.5

1

1.5

-310×

01020304050607080

opposite charge
, Y71Ψ
, Y72Ψ
, Y42Ψ

same charge
, Y71Ψ
, Y72Ψ
, Y42Ψ

FIG. 5: (Color online) Three-point correlator, Eq. 1, mea-
sured with 1st and 2nd harmonic event planes versus centrality
for Au+Au collisions at

√
sNN= 200 GeV. Shown with crosses

are our previous results from the 2004 RHIC run (Y4) [9, 10].
The Y4 run used a second harmonic event plane. Y4 and
Y7 Ψ2 results are consistent within statistical errors. Shaded
areas for the 2nd harmonic points represent the systematic
uncertainty of the event plane determination. Systematic un-
certainties for the 1st harmonic points are negligible compared
to the statistical ones shown.

length through the medium. However, when we weight
all azimuthal regions of charge separation equally, as with
the msc in Fig. 6, we do not recover a magnitude sym-
metry.
The two terms of the msc in Eq. 9 are shown in Fig. 7.

We observe that same and opposite charge correlations
in the ∆N term have very similar magnitudes, but oppo-
site signs for all centrality bins. This feature is expected
from the construction of the ∆N term due to the rela-
tively large and approximately equal positive and nega-
tive charge multiplicities. A model calculation including
statistical+dynamical fluctuations of particle azimuthal
distributions should be performed in order to rule out
P-even explanations. The ∆msc term has a similar mag-
nitude for same and opposite charge correlations, indi-
cating a charge-independent background for the correla-
tions. Thus, the source of the magnitude asymmetry be-
tween same and opposite charge correlations about zero
as shown in Fig. 6 is isolated in the∆msc term (Note that
the sum of both terms yields the total msc). To further
investigate the source of this background, we plot−v2/N ,
a simplified estimate of the effect due to momentum con-
servation and elliptic flow [22]. Here v2 was introduced
in Eq. 2, and the values are from Ref. [23]. N represents
the total number of produced particles, but in this prac-
tice we only counted those within |η| < 1. −v2/N well
matches the ∆msc term for 0−50% collisions. MEVSIM
is a Monte Carlo event generator, developed for STAR
simulations [24]. A model calculation of MEVSIM with
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harmonic event planes is shown in Fig. 5. We find con-
sistency between correlations obtained with both event
plane types. As the pseudorapidity gap between the
ZDC-SMD(Ψ1) and the TPC(particles α and β) is rather
large (∼ 7 units in η) , we find “direct” three-particle
effects (clusters) to be an unlikely source for the sig-
nal. This is an indication that the signal is likely a gen-
uine correlation with respect to the reaction plane. Also
shown for comparison in Fig. 5 are our previous results
from the 2004 RHIC run [9, 10] which are consistent with
the current results within statistical errors.
The modulated sign correlations are compared with

the three-point correlator in Fig. 6. It is evident that the
msc is able to reproduce the same trend as the three-point
correlator although their magnitudes differ slightly. It is
also clear that the correlation magnitude for same charge
pairs is larger than for opposite charge pairs for both
correlators. The charge combinations of ++ and −− are
consistent with each other for the msc (not shown here),
just like the case for the three-point correlator [10]. We
also plot the model calculation of THERMINATOR [21]
to be discussed later.
Before any possible interaction with the medium, the

CME is expected to generate equal correlation magni-
tudes for same and opposite charge pairs. It was pre-
viously supposed that medium suppression of back-to-
back phenomena could be responsible for this magnitude
asymmetry [9, 10]. Oppositely charged pairs from the
CME may not freeze out back-to-back, but instead with
one of the particles deflected closer to the event plane due
to multiple scattering within the medium. This is most
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are our previous results from the 2004 RHIC run (Y4) [9, 10].
The Y4 run used a second harmonic event plane. Y4 and
Y7 Ψ2 results are consistent within statistical errors. Shaded
areas for the 2nd harmonic points represent the systematic
uncertainty of the event plane determination. Systematic un-
certainties for the 1st harmonic points are negligible compared
to the statistical ones shown.

length through the medium. However, when we weight
all azimuthal regions of charge separation equally, as with
the msc in Fig. 6, we do not recover a magnitude sym-
metry.
The two terms of the msc in Eq. 9 are shown in Fig. 7.

We observe that same and opposite charge correlations
in the ∆N term have very similar magnitudes, but oppo-
site signs for all centrality bins. This feature is expected
from the construction of the ∆N term due to the rela-
tively large and approximately equal positive and nega-
tive charge multiplicities. A model calculation including
statistical+dynamical fluctuations of particle azimuthal
distributions should be performed in order to rule out
P-even explanations. The ∆msc term has a similar mag-
nitude for same and opposite charge correlations, indi-
cating a charge-independent background for the correla-
tions. Thus, the source of the magnitude asymmetry be-
tween same and opposite charge correlations about zero
as shown in Fig. 6 is isolated in the∆msc term (Note that
the sum of both terms yields the total msc). To further
investigate the source of this background, we plot−v2/N ,
a simplified estimate of the effect due to momentum con-
servation and elliptic flow [22]. Here v2 was introduced
in Eq. 2, and the values are from Ref. [23]. N represents
the total number of produced particles, but in this prac-
tice we only counted those within |η| < 1. −v2/N well
matches the ∆msc term for 0−50% collisions. MEVSIM
is a Monte Carlo event generator, developed for STAR
simulations [24]. A model calculation of MEVSIM with
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STAR and ALICE results

14

measured value of v2 (i.e. hcosð’! þ ’" # 2’cÞi=v2f2g) as
reported in [20] due to the absence of collective azimuthal
anisotropy in this model. Since the points do not exhibit
any significant difference between the correlations of pairs
with same and opposite charge, they were averaged in the
figure. The correlations from HIJING show a significant
increase in the magnitude for very peripheral collisions.
This can be attributed to correlations not related to the
reaction plane orientation, in particular, from jets [8].

The results from ALICE in Fig. 2 show a strong corre-
lation for pairs with the same charge and simultaneously a
very weak correlation for the pairs of opposite charge. This
difference in the correlation magnitude depending on the
charge combination could be interpreted as ‘‘quenching’’
of the charge correlations for the case when one of the
particles is emitted toward the center of the dense medium
created in a heavy-ion collision [6,7]. An alternative ex-
planation can be provided by a recent suggestion [16] that
the value of the charge-independent version of the corre-
lator defined in Eq. (2) is dominated by directed flow
fluctuations. The sign and the magnitude of these fluctua-
tions based on a hydrodynamical model calculation for
RHIC energies [16] appear to be very close to the mea-
surement. Our results for charge-independent correlations
are given by the shaded band in Fig. 2.
The thick solid line in Fig. 2 shows a prediction [13] for

the same sign correlations due to the CME at LHC ener-
gies. The model makes no prediction for the absolute
magnitude of the effect and can only describe the energy
dependence by taking into account the duration and time
evolution of the magnetic field. It predicts a decrease of
correlations by about a factor of 5 from RHIC to LHC,
which would significantly underestimate the observed
magnitude of the same sign correlations seen at the LHC.
At the same time in [7,12], it was suggested that the CME
might have the same magnitude at the LHC and at RHIC
energies.
Figure 3 shows the dependence of the three-particle

correlator on the transverse momentum difference, jpT;! #
pT;"j, the average transverse momentum, ðpT;! þ pT;"Þ=2,
and the pseudorapidity separation, j#! # #"j, of the pair
for the 30%-40% centrality range. The pairs of opposite
charge do not show any significant dependence on the
pseudorapidity difference, while there is a dependence

centrality, %
0 10 20 30 40 50 60 70

〉)
R

P
Ψ

 -
 2

βϕ
 +

 
αϕ

 c
os

(
〈

-0.6

-0.4

-0.2

0

0.2

0.4

0.6
-310×

 = 2.76 TeVNNs  ALICE Pb-Pb @ 

 = 0.2 TeVNNs  STAR Au-Au @ 

  (ALICE) same+opp. mean

same opp.

{2}2 / v
HIJING

〉)
c

ϕ - 2
β

ϕ + 
α

ϕcos(〈

 CME expectation (same charge [13])

FIG. 2 (color online). The centrality dependence of the three-
particle correlator defined in Eq. (2). The circles indicate the
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RHIC and LHC results -- surprisingly close! 
- no effect of change in magnetic field lifetime  (?) 
- no effect of almost factor of 3 higher multiplicity density (?)

for the signal. We have studied the dependence of the
signal on j!" ! !#j [11], and find that the signal has a
width of about one unit of !.

Physics backgrounds.—We first consider backgrounds
due to multiparticle correlations (3 or more particles)
which are not related to the reaction plane. This contribu-

tion affects the assumption that two particle correlations
with respect to the reaction plane [left-hand side of Eq. (2)]
can be evaluated in practice via three-particle correlations
[right-hand side of Eq. (2)]. Evidence supporting this
assumption comes from the consistency of same-charge
results when the reaction plane is found using particles ‘‘c’’
detected in the TPC, FTPC, or ZDC-SMD, though the
FTPC and (particularly) ZDC-SMD analyses have large
statistical errors in the most peripheral bins. This multi-
particle background should be negligible when the ZDC-
SMD event plane is used, so it can certainly be reduced and
this is an important goal of future high statistics runs. To
study these backgrounds in the current analysis, we use the
heavy-ion event model HIJING [16] (used with default
settings and jet quenching off in all calculations shown in
this Letter) which includes production and fragmentation
of mini jets. We find that the contribution to opposite-
charge correlations of three-particle correlations in HIJING

(represented by the thick solid and dashed lines in Figs. 2
and 4) is similar to the measured signal in several periph-
eral bins. We thus cannot conclude that there is an
opposite-charge signal above possible background. The
same-charge signal predicted by three-particle correlations
in HIJING is much smaller and of opposite sign compared to
that seen in the data.
Another class of backgrounds (which cannot be reduced

by better determination of the reaction plane) consists of

FIG. 4 (color). hcosð$" þ$# ! 2!RPÞi results from 200 GeV
Auþ Au collisions are compared to calculations with event
generators HIJING (with and without an ‘‘elliptic flow after-
burner’’), URQMD (connected by dashed lines), and MEVSIM.
Thick lines represent HIJING reaction-plane-independent back-
ground.

FIG. 3 (color online). Dependence of hcosð$" þ$# !
2!RPÞi on 1

2 ðpt;" þ pt;#Þ calculated using no upper cut on
particles’ pt. Shaded bands represent v2 uncertainty.

FIG. 2 (color). hcosð$a þ$# ! 2!RPÞi in Auþ Au and
Cuþ Cu collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV calculated using
Eq. (2). The thick solid (Auþ Au) and dashed (Cuþ Cu) lines
represent HIJING calculations of the contributions from three-
particle correlations. Shaded bands represent uncertainty from
the measurement of v2. Collision centrality increases from left to
right.
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No event generator can describe the data
No (single) event generator can describe all aspects of the data 

Adamczyk et. al.  
(STAR collab) 1302.3802

Background	dominates?
o Charge	separation,	could	be	explained	by	simple	mechanism,	

i.e.,	local	charge	conservation	+	v2	

QM2017 10

Phys.Lett.	B700	(2011)

AMPT	qualitatively	describes	STAR	data

Phys.Rev.	C83	 (2011)

Background	model	(LCC+v2)	can	
reproduce	 the	charge	separation	signal

How	to	discriminate	the	backgrounds?	Some of the qualitative features can be explained

Data

AMPT

Ma, Zhang 1101.1701

��,� = ��a�a�� + c
v2

N
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Background : p+A collisions
6

trk
offlineN

2,
c

/v〉) cφ
-2 βφ+ αφ
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(Pb-going)cφ  pPb, 
  PbPb

(a)

 = 5.02 TeVNNs
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PbPb centrality(%)
55 45 3565

CMS

Figure 2: In (a), the same sign (SS) and opposite sign (OS) three-particle correlator averaged
over |ha � hb| < 1.6 as a function of Noffline

trk in pPb and PbPb collisions at
p

sNN = 5.02 TeV are
shown. In (b), the same correlation as a function of centrality is presented in PbPb collisions atp

sNN = 5.02 TeV from CMS, at
p

sNN = 2.76 TeV from ALICE, and in AuAu collisions at
p

sNN =
0.2 TeV from STAR. Statistical and systematic uncertainties are indicated by the error bars and
shaded regions, respectively.

In Fig. 2 (b), the results of SS and OS three-particle correlators, averaged over Dh < 1.6, are
shown as a function of centrality in PbPb collisions at

p
sNN = 5.02 TeV. The same quantity

measured at lower collision energies is also shown for AuAu collisions at
p

sNN = 0.2 TeV [4]
and PbPb collisions at

p
sNN = 2.76 TeV [9]. No significant energy dependence of the three-

particle correlators is observed in going from RHIC to LHC energies. The deviation between
CMS and lower energy results at the very peripheral range is mainly due to the different h
acceptance of particle a, b, and c.

To eliminate sources of correlations that are charge independent (e.g., directed flow, v1) and
to explore a possible charge separation effect generated by the CME, the difference of three-
particle correlators between OS and SS is shown as a function of Dh in the multiplicity range
185  Noffline

trk < 220 (Fig. 3 (a)) and as a function of Noffline
trk averaged over Dh < 1.6 (Fig. 3

(b),) for pPb and PbPb collisions at
p

sNN = 5.02 TeV. After taking the difference, the pPb data
with particle c from both the p- and Pb-going sides, and PbPb data, show nearly identical val-
ues. The charge-dependent difference is largest at Dh ⇡ 0 and drops to zero for Dh > 1.6,
and also decreases as a function of Noffline

trk . The striking similarity in the observed charge-
dependent azimuthal correlations strongly suggests a common physical origin. In PbPb colli-
sions, it was suggested that the charge dependence of the three-particle correlator as well as its
Dh dependence are indications of the charge separation effect with respect to the event plane
due to the CME [5, 9]. However, as argued earlier, a strong charge separation signal from the
CME is not expected in a very high multiplicity pPb collision. The similarity seen between
high-multiplicity pPb and peripheral PbPb collisions challenges the attribution of the observed
charge-dependent correlations to the CME.

In summary, charge-dependent azimuthal correlations of same and opposite sign particles with
respect to the second-order event plane have been measured in pPb and PbPb collisions atp

sNN = 5.02 TeV by the CMS experiment at the LHC. The correlation is extracted via a three-
particle correlator as functions of particle Dh and charged-particle multiplicity of the event.

New measurements at the LHC → new puzzles

“Challenge to CME”  ? 

Centrality (%)
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ηCMS |

| < 1.6
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ηALICE |

| < 2.0
β

η−
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ηSTAR |

QM2017 29

o Integrated	results	as	a	
function	of	centrality	in	
AA	collisions.	

o Almost	identical	for	
both	SS	and	OS	for	
different	energies	

o No	strong	energy	
dependence	observed

! as	a	function	of	centrality

|

arXiv:1610.00263

Surprising similarity between p+Pb & Pb+Pb and between RHIC & LHC
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STAR Experiment at RHIC

Large Coverage: 0 < φ < 2π,  |η| < 1.0 
Uniform acceptance:  transverse momentum (pT) and rapidity (y) 
Excellent particle identification capabilities (TPC and TOF) 

5 

Year √sNN 
(GeV) 

Minimum 
Bias 

Events(106) 

2010 62.4 67 

2010 39 130 

2011 27 70 

2011 19.6 36 

2014 14.5 20 

2010 11.5 12 

2010 7.7 4 

BES-I Dataset 
TPC MTD  Magnet BEMC BBC EEMC TOF 

HFT @ Maria & Alex Schmah 

•  M. Anderson et al., Nucl. Instrum. Meth. A 499 (2003) 659 
•  W. J. Llope., Nucl. Instrum. Meth. A 661 (2012) S110–S113 

12/02/16 

Time-Projection Chamber 
(used for this analysis)

STAR Detector

v2{2}2 = �cos(2(�1 � �2))��a,b � �cos((�a
1 + �b

2 � 2�3))�
v2{2}

Observables : 

LPV correlator : 

C112 = ⟨cos(φ1+φ2−2φ3)⟩

,

Three particle correlator :
Voloshin, PRC 70 (2004) 057901

Data Set : 

             U+U 193 GeV (2012),

             Au+Au 200 GeV (2011), 

             p+Au 200 GeV (2015)

Acceptance : 0<φ<2π,  |η|<1, 
                        pT > 0.2 GeV/c                                             

Centrality :                                      
.             Time Projection Chamber 

              Zero Degree Calorimeter

Recent measurements from STAR
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Revisit : Magnetic field in HICs

29

large B-field and large v2no CME expected 

p+Pb high multiplicity Pb+Pb peripheral (>60%)

New CMS measurement : the idea
arXiv: 1610.00263

Ψ2

B

0<Ψ2<2π
0<Ψ2<2π 0<ΨB<2π

BB

 0

 5

 10

 15

 20

 0  100  200  300  400-〈 
B2   c

os
(2

(Ψ
B 

- Ψ
2)

) 〉
 [ 

fm
-4

 ]

Npart

Au+Au 200 GeV
p+Au 200 GeV

Systematic of 2PC and 3PC in A+A

Components of LPV correlator

 0

 0.01

 0.02

 0.03

 0  100  200  300  400

U+U 193 GeV

(γ
O

S  -γ
SS

)×
 N

pa
rt

Npart

Total
Long-range
Short-range

STAR preliminary

MC-Glauber

Projected B-fieldData

 0

 5

 10

 15

 20

 0  100  200  300  400-〈 
B2   c

os
(2

(Ψ
B 

- Ψ
2)

) 〉
 [ 

fm
-4

 ]

Npart

U+U 193 GeV

Ψ2

B

0<Ψ2<2π
0<Ψ2<2π 0<ΨB<2π

BB

Components of LPV correlator

 0

 0.01

 0.02

 0.03

 0  100  200  300  400

U+U 193 GeV

(γO
S  -γ

SS
)×

 N
pa

rt

Npart

Total
Long-range
Short-range

STAR preliminary

MC-Glauber

Projected B-fieldData

 0

 5

 10

 15

 20

 0  100  200  300  400-〈 
B2   c

os
(2

(Ψ
B 

- Ψ
2)

) 〉
 [ 

fm
-4

 ]

Npart

U+U 193 GeV

Ψ2

B

0<Ψ2<2π
0<Ψ2<2π 0<ΨB<2π

BB

29

Projected B-field in A+A

Comparison between U+U and p+Au

Ultra-Central A+APeripheral A+A
Belmont,
 J.L. Nagle 
1610.07964

p+A
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STAR preliminary-0.002
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Data (short-range-positive subtracted)

MC-Glauber   
Chatterjee, Tribedy, 

PRC 92, 011902 (2015)

Quantity of interest is the projection of B on Ψ2

⟨B2 cos(2(ΨB−Ψ2))⟩a± � µ5
�B =� �a�a�� � | �B|2 =�

Projected 
B-field

�cos(�� + �� � 2�RP )�

⟨B2 cos(2(ΨB−Ψ2))⟩

Observable

centralmid-centralperipheralp+A

Chatterjee, PT
PRC 92, 011902 (2015)
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Why background removal is difficult ?

 0

 0.4

 0.8

 1.2

 0  100  200  300  400

U+U 193 GeV

Y/
〈Y
〉 m

ax

Npart

Y=-〈 B2  cos(2(ΨB - Ψ2)) 〉
Y=v2  {2}

STAR preliminary The centrality dependence of 
signal & background is similar

Disentangling the effects driven by B-field and flow is challenging

v2 → STAR data, B-field → Chatterjee, PT, 
PRC 92, 011902 (2015) ��,� = ��a�a�� + c

v2

N

Attempts to reduce flow also reduces the ability to resolve the direction 
of event plane and therefore the direction of projected B-field

B-field driven flow driven
(Signal) (Background)
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How to deal with this problem

A list provided by Sergei Voloshin during QM 2017

QM2017, Student day, February 5, 2017page S.A. Voloshin

Signal vs background

22

Signal depends on magnetic field/vorticity  
the background depends on anisotropic flow

! Beam energy scan II (signal should disappear at lower energies) 
! Vary magnetic field keeping the same flow (isobar collisions)  
! Higher harmonic correlators (+ differential)  
! Event Shape Engineering (increase/decrease background) 
! Correlations with identified particles (e.g. for the next bullet) 
! Cross-correlation of different observables, CME X CMW  X CVE)  

(both in experiment and theory) 
! U+U (body-body vs tip-tip ??) 
! Very central collisions ( Signal ~0, BG>0) 
! Small system collision (??) 

! Studies of EM fields 
! Improving the phenomenology

It is likely that the current measurements are dominated by the 
“background” (“LCC”). The present goal — to get a ‘reliable’ upper/
lower limits on the signal(s) and/or background at the level of at least 
~0.1- 0.2 of todays “signals”

https://indico.cern.ch/event/433345/contributions/2345400/attachments/1407180/2150703/voloshin_CAEs_v2.pdf

Chatterjee, PT
PRC 92, 011902 (2015)

fig : Voloshin

• Try a new observable 
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31

v2

Δγ

B-field driven

0

v2

Δγ

If Background dominates

All Bkg

B-field

Total

Δγ ~0

v ~02

min

Δγmax

v2,max

Chatterjee, Tribedy 

PRC 92, 011902 (2015)

v2

Δγ

If B-field dominates

All Bkg

B-fie
ldTotal

Δγ ~0

v ≠02

Δγmax

0
min

v2,max

Signal and background of CME

v2

Δγ

0

Voloshin PRC 70 (2004) 057901, 
Schlichting, Pratt, PRC 83 014913 (2011), 

Wang PRC 81 064902 (2010),

Bzdak, Koch, Liao PRC 83 014905 (2011)

Flow driven

20

HBT (SS), Coulomb (OS)

Flowing resonance (OS)

Charge conservation (OS)

pT conservation (SS=OS)

v2

Backgrounds

Magnetic field (SS, OS)

Signal

Ψ2

Charge separation (central-events) 

Δγ→0, 
v2→0

Δγ→0, 
v2 ≠ 0

Possible strategy : look for Δγ→0, v2≠ 0

Signal & Backgrounds of charge separation

��,� = �cos(�� + �� � 2�2)� = ��a�a�� + c
v2

N

∆γ = γOS − γSS =

〈
∑

α,β

−aαaβ

〉
+ c

v2
N
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Measurements in central-events may help 
disentangle the two effects

Two possible scenarios

v2

Δγ

All Bkg

B-field

Total

Δγ ~0

v ~02

min

Δγmax
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v2

Δγ

If B-field dominates

All Bkg

B-fie
ldTotal

Δγ ~0

v ≠02

Δγmax

0
min

v2,max

If Background dominates

∆γ = γOS − γSS =

〈
∑

α,β

−aαaβ

〉
+ c

v2
N
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Components of LPV correlator
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Data

MC-Glauber

Components of LPV correlator
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Chatterjee, Tribedy, 
PRC 92, 011902 (2015)

Projected B-field vs ε2 can provide a natural explanation to the data

Central and Ultra-central Collisions

{x,y}=〈x〉, 〈y〉

STAR 
preliminary

More theory inputs needed to see if a background model can explain data
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Central and Ultra-central Collisions

Systematic of 2PC and 3PC in A+A 18

Data
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γab– v2 correlation plot (multiplicity & spectators)  

14

Observations in 0-10%: 

• Strong correlation linear in 
central events : universal curve 

Dominance of fluctuations of participants and spectators 
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We need to see if a background model can explain data

Central and Ultra-central Collisions

STAR preliminary

Data & Background expectations

∆γBackground = (γOS − γSS)Background ≈ v2{2}
N
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v2

Backgrounds

Jet-fragmentation (SS,OS) Ψ2

Peripheral collisions in A+A
However complicated background effects 

may arise in peripheral events

Central A+A : Δη,Δφ〜～0 emission + v2 
modulation, jets are mostly quenched  

ΨRP

Ψ2

ΨRP

Peripheral A+A : 
Jet-fragmentation → Jets define the Ψ2

HBT (SS), Coulomb (OS)

Flowing resonance (OS)

Charge conservation (OS)

pT conservation (SS=OS)
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A new approach to reduce background
Early time effects→ should be long-range in Δη

Δη

Intermediate
Short-range

Long-range

 Different rapidity window        physics at different times 

Δη

Intermediate
Short-range

Long-range

5

C112(∆η12) = AHe−(∆η)2/2σ2
H −AV e

−(∆η)2/2σ2
V +ARC112(∆η12) = AHe−(∆η)2/2σ2

H −AV e
−(∆η)2/2σ2

V +ARC112(∆η12) = AHe−(∆η)2/2σ2
H −AV e

−(∆η)2/2σ2
V +AR

A+A collision produce a system that lasts for ~10 fm 

Goal : Measurement over wider range of rapidity  

Main motivation 
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τ3τ2
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Δη

2
Δη

3
C(∆η)

The Initial Stages of Colliding Nuclei and Hadrons

Prithwish Tribedy

September 12-17, 2016, on South Padre Island, TX, USA

Hot Quarks 2016, workshop for young scientist on the physics of ultra relativistic A-A collisions 

IP-Sat : Color charge distribution inside Nuclei

IP-Sat (Impact Parameter dependent saturation) parametrization HERA
DIS ! proton-dipole scattering matrix S

p

dip

(r?, x ,b?) ⇠ exp
�
�r

2
Q

2
sp

/2
�

The nuclear scattering matrix is obtained as

S

A

dip

(r?, x ,b?) =
AY

i=0

S

p

dip

(r?, x ,b?)
S

i

p

i ! nucleons are distributed according to Fermi distribution.

S

A

dip

! distribution of nuclear saturation scale Q

s

(b?, x) solving :

S

A

dip

(r?= r

S

, x ,b?) = exp(�1/2) =) Q

2
s

=
2

r

2
S

Iteratively solving x = Q

s

(b?,x)p
s

! Q

s

(b?,
p
s)

Lumpy color charge density distribution g

2µ(x?)⇠Q

s

(x?)

Kowalski, Lappi, Venugopalan 0705.3047

Lappi, arXiv:0711.3039, 1104.3725

Prithwish Tribedy Quark Matter 2014, Darmstadt, Germany 6/23

HQ’08 HQ’12 HQ’16HQ’04

Differential measurement of correlation in Δη may be a key to 
disentangle signal and background

Dumitru et al, 1009.5295
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Structure of the correlations in Δη 

Two-particle correlation
(elliptic flow v2)

Δη

C(∆η)

Three-particle correlation

Δη

C(∆η)

0

 0.006

 0.008

 0.2  0.4  0.6  0.8  1  1.2  1.4  1.6  1.8

U+U 193 GeV (40-50%)|η|<1

STAR Preliminary

v 2 
 {

2}
2  =

 〈c
os

(2
(φ

1 
- φ

2)
)〉

∆η

Data
Fit

Short-Range
Long-range

 0.006

 0.008

 0.2  0.4  0.6  0.8  1  1.2  1.4  1.6  1.8

U+U 193 GeV (40-50%)|η|<1

STAR Preliminary

v 2 
 {

2}
2  =

 〈c
os

(2
(φ

1 
- φ

2)
)〉

∆η

-5

-5

(numerator of γαβ )

STAR preliminary



P.Tribedy, BNL sminar, April 18, 2017 27

A new approach to reduce background
Search of early time charge separation → should be long-range in Δη

ResidualShort-range-positive

Short-range limit : C112 = ⟨cos(φ1(η1)+φ2(η2)−2φ3)⟩ ≥ 0∆φ → 0,∆η → 0 :

STAR preliminary
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Prithwish Tribedy, QM 2017, Chicago 44
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Comparison between A+A centralities

STAR preliminary STAR preliminary

Opposite-signSame-sign

Peripheral

Central

Very different structures in central and peripheral events
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Centrality dependence of charge separation

STAR preliminary

Wider Δη component (Short-range-positive)→ 0 for small & large Npart

The narrow Δη component (Residual) grows at small Npart

Charge separation has a narrow and wide Δη component

STAR preliminary

Widths of different componentsMagnitudes of different components
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CMS measurements in p+Pb collisions
What does this mean ? ��,� = �cos(�� + �� � 2�2)� = ��a�a�� + c

v2

N

6

trk
offlineN

2,
c

/v〉) cφ
-2 βφ+ αφ
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s(

〈 0.5−
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3−10×
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(Pb-going)cφ  pPb, 
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(a)

 = 5.02 TeVNNs
SS OS

PbPb centrality(%)
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Figure 2: In (a), the same sign (SS) and opposite sign (OS) three-particle correlator averaged
over |ha � hb| < 1.6 as a function of Noffline

trk in pPb and PbPb collisions at
p

sNN = 5.02 TeV are
shown. In (b), the same correlation as a function of centrality is presented in PbPb collisions atp

sNN = 5.02 TeV from CMS, at
p

sNN = 2.76 TeV from ALICE, and in AuAu collisions at
p

sNN =
0.2 TeV from STAR. Statistical and systematic uncertainties are indicated by the error bars and
shaded regions, respectively.

In Fig. 2 (b), the results of SS and OS three-particle correlators, averaged over Dh < 1.6, are
shown as a function of centrality in PbPb collisions at

p
sNN = 5.02 TeV. The same quantity

measured at lower collision energies is also shown for AuAu collisions at
p

sNN = 0.2 TeV [4]
and PbPb collisions at

p
sNN = 2.76 TeV [9]. No significant energy dependence of the three-

particle correlators is observed in going from RHIC to LHC energies. The deviation between
CMS and lower energy results at the very peripheral range is mainly due to the different h
acceptance of particle a, b, and c.

To eliminate sources of correlations that are charge independent (e.g., directed flow, v1) and
to explore a possible charge separation effect generated by the CME, the difference of three-
particle correlators between OS and SS is shown as a function of Dh in the multiplicity range
185  Noffline

trk < 220 (Fig. 3 (a)) and as a function of Noffline
trk averaged over Dh < 1.6 (Fig. 3

(b),) for pPb and PbPb collisions at
p

sNN = 5.02 TeV. After taking the difference, the pPb data
with particle c from both the p- and Pb-going sides, and PbPb data, show nearly identical val-
ues. The charge-dependent difference is largest at Dh ⇡ 0 and drops to zero for Dh > 1.6,
and also decreases as a function of Noffline

trk . The striking similarity in the observed charge-
dependent azimuthal correlations strongly suggests a common physical origin. In PbPb colli-
sions, it was suggested that the charge dependence of the three-particle correlator as well as its
Dh dependence are indications of the charge separation effect with respect to the event plane
due to the CME [5, 9]. However, as argued earlier, a strong charge separation signal from the
CME is not expected in a very high multiplicity pPb collision. The similarity seen between
high-multiplicity pPb and peripheral PbPb collisions challenges the attribution of the observed
charge-dependent correlations to the CME.

In summary, charge-dependent azimuthal correlations of same and opposite sign particles with
respect to the second-order event plane have been measured in pPb and PbPb collisions atp

sNN = 5.02 TeV by the CMS experiment at the LHC. The correlation is extracted via a three-
particle correlator as functions of particle Dh and charged-particle multiplicity of the event.

Interpretations by CMS :
Δ𝛾 (OS-SS) agree between systems
The 𝛾 seems have no sensitivity to the CME signal
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Δ! (!os - !ss)

SBU	seminar 38

Ø All	Δ! (OS-SS)	agree	with	each	other	in	both	Δη and	multiplicity.

Ø The	! seems	not	sensitive	to	the	CME	signal.		

Phys.Rev.Lett.	118	(2017)	122301

PRL 118 (2017) 122301

��,� � v2

N
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CMS measurements in p+Pb collisions

p+Pb data challenge both signal and background interpretations ?

Puzzling feature 
of CMS data 

��,� = �cos(�� + �� � 2�2)� = ��a�a�� + c
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Figure 5: The vsub
2 (top) and vsub

3 (bottom) results of charged particles as a function of Noffline
trk ,

averaged over 0.3 < pT < 3.0 GeV/c, in pp collisions at
p

s = 5, 7, and 13 TeV, pPb collisions
at psNN = 5 TeV, and PbPb collisions psNN = 2.76 TeV, after correcting for back-to-back jet
correlations estimated from low-multiplicity data. The error bars correspond to the statistical
uncertainties, while the shaded areas denote the systematic uncertainties. Systematic uncer-
tainties are found to have no dependence on

p
s for pp results and therefore are only shown

for 13 TeV.

difference between the two methods becomes larger as Noffline
trk decreases. It was checked that

when applying exactly the same kinematic selections and analysis methods, no discrepancy
is found between the two experiments. In the study of v2 from multiparticle correlations, as
will be discussed in Section 5.3, the v2 is always considered with respect to all the particles in
the event for each multiplicity class, which is consistent with the method used in this paper to
extract v2 from two-particle correlations.

The v2 results as a function of pT for high-multiplicity pp events at
p

s = 5, 7, and 13 TeV
are shown in Fig. 6 before (left) and after (right) correcting for jet correlations. To compare
results with similar average Noffline

trk , 105  Noffline
trk < 150 is chosen for 13 TeV while 110 

Noffline
trk < 150 is chosen for 5 and 7 TeV. Little energy dependence is observed for the pT-

differential v2 results, especially before correcting for jet correlations, as shown in Fig. 6 (left).
This conclusion also holds after jet correction procedure for vsub

2 results (Fig. 6, right) within
systematic uncertainties, although systematic uncertainties for vsub

2 are significantly higher at
high pT because of the large magnitude of the subtracted term. This observation is consistent
with the energy independence of associated long-range yields on the near side reported in
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2 (top) and vsub

3 (bottom) results of charged particles as a function of Noffline
trk ,

averaged over 0.3 < pT < 3.0 GeV/c, in pp collisions at
p

s = 5, 7, and 13 TeV, pPb collisions
at psNN = 5 TeV, and PbPb collisions psNN = 2.76 TeV, after correcting for back-to-back jet
correlations estimated from low-multiplicity data. The error bars correspond to the statistical
uncertainties, while the shaded areas denote the systematic uncertainties. Systematic uncer-
tainties are found to have no dependence on

p
s for pp results and therefore are only shown

for 13 TeV.

difference between the two methods becomes larger as Noffline
trk decreases. It was checked that

when applying exactly the same kinematic selections and analysis methods, no discrepancy
is found between the two experiments. In the study of v2 from multiparticle correlations, as
will be discussed in Section 5.3, the v2 is always considered with respect to all the particles in
the event for each multiplicity class, which is consistent with the method used in this paper to
extract v2 from two-particle correlations.

The v2 results as a function of pT for high-multiplicity pp events at
p

s = 5, 7, and 13 TeV
are shown in Fig. 6 before (left) and after (right) correcting for jet correlations. To compare
results with similar average Noffline

trk , 105  Noffline
trk < 150 is chosen for 13 TeV while 110 

Noffline
trk < 150 is chosen for 5 and 7 TeV. Little energy dependence is observed for the pT-

differential v2 results, especially before correcting for jet correlations, as shown in Fig. 6 (left).
This conclusion also holds after jet correction procedure for vsub

2 results (Fig. 6, right) within
systematic uncertainties, although systematic uncertainties for vsub

2 are significantly higher at
high pT because of the large magnitude of the subtracted term. This observation is consistent
with the energy independence of associated long-range yields on the near side reported in
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Ø All	Δ! (OS-SS)	agree	with	each	other	in	both	Δη and	multiplicity.

Ø The	! seems	not	sensitive	to	the	CME	signal.		

Phys.Rev.Lett.	118	(2017)	122301

40%
difference

If     changes by 40% between systems, why               is still same ? ��,� = �cos(�� + �� � 2�2)� = ��a�a�� + c
v2

N ��,� � v2

N

Puzzle : 

No
difference
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STAR measurements of p+A vs A+A 
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Short-range-positive (Narrow Δη)

Comparison between p+A & peripheral A+A
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p+A & peripheral A+A → dominated by short-range correlations
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Comparison between p+A and A+A
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Summary of STAR results in A+A & p+A
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Components of LPV correlator
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Projected B-field in A+A

Summary of STAR results in A+A & p+A
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Components of LPV correlator
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Projected B-field in A+A

Summary of results in A+A and p+A
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Components of LPV correlator
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Projected B-field in A+A

Summary of results in A+A and p+A

Ultra-Central A+A
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Projected B-field in A+A

Summary of results in A+A and p+A

Wider Δη component of charge separation 
 vanishes when projected B→0, v2≠0 

(Naive background model 
Δγ~ v2/N can not explain this)
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Outlook for isobar collisions at RHIC
The idea is to change B-field without changing background  

Ru44
96

Ru44
96+ Zr40

96
Zr40

96+√s =200 GeV

1.2 B events can provide about 5σ 
confidence of signal/bkg

Gang Wang, QCD Chirality workshop ‘2016,  
Deng et al PRC 94, 041901 (2016),            
Skokov et al, 1608.00982 

Different B-field with same flow background is expected 
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What else can be done ?

Zr +Zr Ru +Ru Au +Au

Isobars
Future Run (2018)

U+U

Ru44
96

Zr40
96

Au79
197

U92
238

Measurements exist
Au+Au , U+U

           Change in Z by 13
Large difference in B-field ? 
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At the same Npart multiplicity dN/dη per participant is similar
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v2 {2} measurement with very small uncertainties available

Multiplicity and flow in Au+Au & U+U

Multiplicity per Npart Measured flow

Phys. Rev. C 93, 024901 (2016)

Background expectation is under control :  ∆γBackground = (γOS − γSS)Background ≈ v2{2}
N

∆γBackground = (γOS − γSS)Background ≈ v2{2}
N
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Projected B-field differs in central collisions 

At same Npart projected B-field differs when scaled by ε2 or v2

One needs to take care of shape difference between Au+Au & U+U

Proj B-field by ellipticity Proj B-field by v2 

Larger B-field per eccentricity in U+U than Au+Au at large Npart

Motivation : Qualitatively similar scenario as isobar collisions

STAR preliminary
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Short range-positive (narrow Δη) component
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scaled by Npart /v2scaled by Npart

In a pure background scenario this
plot should be flat & universal 

Au+Au is lower than U+U at large Npart 

Residual (wide Δη) components
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Summary

— Ultra-central U+U and Au+Au show Δγ ~0, v2≠0

—
Short-range-positive component (ASR) 
subtracted charge separation vanishes in 
central & peripheral A+A and in p+A collisions

— Comparison between Au+Au and U+U show 
difference in central events at same Npart

Several similarities of charge separation with 
projected B-field is observed in contrast to naive 
background (~v2/N) expectation. Theoretical inputs 
needed to see if sophisticated background model 
calculations can explain these observations.

Future Isobar collisions at RHIC will provide more 
stringent test to disentangle background vs B-field 
driven charge separation.

 0

 0.5

 0  0.01  0.02  0.03  0.04  0.05

(γ
O

S -γ
SS

) ×
 1

04

v2 {2}

STAR U+U 193 GeV
Multiplicity binning
Spectator binning
 
STAR Au+Au 200 GeV
Year 2004 (0909.1717)
Year 2007 (1302.3802)
Year 2011 (0-1%)

-0.004

-0.002

 0

 0  0.4  0.8  1.2  1.6

0-100% p+Au 200 GeV

∆η12

-40

-20

 0

 0  0.4  0.8  1.2  1.6

p+Au 200 GeV

C
11

2 
× 

N
pa

rt
   

   
× 

10
4

∆η12

opposite-sign
same-sign

-40

-20

 0

 0  0.4  0.8  1.2  1.6

p+Au 200 GeV

C
11

2 
× 

N
pa

rt
   

   
× 

10
4

∆η12

opposite-sign
same-sign

STAR 
preliminary

STAR preliminary

STAR preliminary
 0

 0.1

 0.2

 0.3

 0.4

 0  100  200  300  400

∆
γ/v

2   
× 

N
pa

rt

Npart

Au+Au (Residual)
U+U (Residual)



P.Tribedy, BNL sminar, April 18, 2017 49

Backup
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Ultimately boils down to two scenarios
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